We examined the effects of interstitial space between stream substrate particles on the colonization of aquatic organisms using three types of substrates (gravel, a cobble, and a cobble on gravel) in a riffle and pool of a temperate stream. Significantly greater abundance, wet weight, diversity (H 0 ), taxonomic richness, and evenness of aquatic organisms were found in the riffle than in the pool, and the interstitial space substrate (i.e., a cobble on gravel) had significantly greater abundance, wet weight, and taxonomic richness of aquatic organisms than did the cobble substrate. Of the 13 families observed in the experiments, larval net-spinning caddisfly (Hydropsychidae) dominated the riffle in terms of the abundance and wet weight; chironomid larvae dominated both the riffle and the pool in terms of abundance. Simple main effect tests indicated significant effects of substrate on the abundance and wet weight of larval caddisfly in the riffle, and post hoc tests on substrate in each habitat indicated that the abundance and wet weight of larval caddisfly on interstitial space substrate were significantly greater than those on cobble substrate in the riffle. Our results suggest the importance of interstitial space between stream substrates in riffles to ensure higher colonization rates of aquatic organisms such as larval net-spinning caddisflies characterized as filter feeders.
Introduction
The asymmetric distribution of aquatic organisms can be interpreted as their response to habitat heterogeneity both in time and space. Running water sources, such as rivers and streams, are characterized as unique habitats with a high degree of spatial and temporal heterogeneity of the physical environment (e.g., temperature, current speed, water depths, and substrates) at all scales (Allan 1995; Giller and Malmqvist 1998) . Such environmental heterogeneity in running water often provides habitat complexity, which allows the distribution of a variety of aquatic organisms in lotic ecosystems (Ward 1992; Vinson and Hawkins 1998) .
Substrate has been suggested as a primary organizing variable for assemblages of aquatic organisms (Peckarsky 1986; Ward 1992; Allan 1995; Williams and Smith 1996) . Substrate structural complexity, such as surface complexity, substrate particle size, and submerged logs on the streambed, have been widely accepted as one of the most important determinants of the colonization and taxa richness of aquatic organisms in lotic ecosystems (Hart 1978; Erman and Erman 1984; O'Connor 1991; Downes and Jordan 1993; Vinson and Hawkins 1998) .
Interstitial space, present between substrate particles on the streambed, is also considered an indicator of substrate structural complexity for aquatic organisms (Minshall 1984; Peckarsky 1986) ; however, the availability of such interstitial space in stream environments would be substantially different between channel unit habitats. In riffles with faster current velocities, the underside of pebbles or cobbles on the streambed often provides interstitial space that can be colonized by aquatic organisms such as net-spinning organisms (Wallace and Merritt 1980; Georgian and Thorp 1992) ; however, in pools with slower current velocities, pebbles and cobbles are often embedded entirely into the streambed and interstitial space is not readily available for aquatic organisms such as Neoperla (Plecoptera) and Hydropsyche and Setodes (Trichoptera) (Hamid and Rawi 2011) . Thus, the complex features of flow and substrate composition in riffles and pools are so closely interrelated that under natural conditions it is often impossible to separate the individual effects of the two (Minshall 1984 ). An experimental approach looking at the colonization of spaces under simple and complex substrates by aquatic organisms in each habitat would help to evaluate the effects of habitat-mediated substrate complexity on the colonization of aquatic organisms (Schmude et al. 1998 ).
This study aimed to evaluate the effects of interstitial space between substrate particles, as an indicator of substrate complexity, on the colonization of aquatic organisms using an experimental approach employing both pool and riffle channel unit habitats in a temperate stream.
Materials and methods
Field experiments were conducted in the upper reaches of the Fujii River, a temperate mountain stream in eastern Japan (36°27 0 N, 140°16 0 E). The stream width and channel gradient at the study site averaged 1.8 m and 0.7%, respectively. Two types of channel unit habitats were present: riffles and pools (Frissell et al. 1986 ). Riffle lengths were typically short (mean 8 m; SD 5.7). Using the Wentworth classification (Bain 1999), the dominant types of substrate in each channel unit were assessed visually. The streambed was composed mainly of pebbles, cobbles, and boulders in the riffles, and sand, silt, and small patches of cobbles in the pools.
Field experiments were replicated five times from July 9 to September 3, 2004, and replicates were divided into early (from July 9 to July 30, n = 3) and late (from August 15 to September 3, n = 2) periods. To examine the effects of habitat-mediated substrate complexity on aquatic insect colonization, we set three types of substrate conditions in the center of each riffle or pool: (1) a single cobble was laid (C), (2) gravel (ca. 4 mm in diameter) was laid in a single layer (G), and (3) a single cobble was laid on gravel (GC). The potentially available habitat area for aquatic organisms on the surface and back surface of the single cobble was nearly equal between the C and GC substrates, but the GC substrate had interstitial spaces between the gravel and cobble. Substrate particles for use in each experiment were picked up from adjacent downstream reaches of the study site. Before starting each experiment, the surface of the cobbles and gravels was scoured with a brush to wash away biofilms (e.g., filamentous algae, cyanobacteria, diatoms, actinomycete or hyphomycete fungi, and detrital and silt particles) enmeshed in a gelatinous polysaccharide matrix on the surface of the substrates, which appear to be major transducers of energy and matter in lotic ecosystems (Giller and Malmqvist 1998) .
Current velocities were measured to the nearest 5 cm/s at the surface using a float, and were found to be significantly different between riffle and pool (range 40.0-55.0 cm/s, n = 5, pool: range 10.0-20.0 cm/s, n = 5, Mann-Whitney U test, p = 0.009). Water depth was measured to the nearest 1 cm with a ruler and were significantly different between riffle (range 12.0-21.0 cm/s, n = 5) and pool (range 24.0-33.0 cm/s, n = 5, Mann-Whitney U test, p = 0.008). The maximum diameter of cobble used in the experiments (range 9.5-9.8 cm, n = 80) was not significantly different between the two channel unit habitats and between the two substrates incorporating cobbles (two-way ANOVA, habitat: F 1,76df = 0.20, p = 0.65; substrate: F 1,76df = 1.46, p = 0.23; and interaction: F 1,76df = 0.0005, p = 0.76).
A plastic cage (10 cm 9 20 cm 9 5 cm, mesh size: 5 mm) was divided into four compartments (10 cm 9 5 cm 9 5 cm; each compartment was separated by a 5 mm mesh) which were set for each habitat and substrate during the day. The top side of every cage was kept open to allow access of predators such as insectivorous benthic fish (Japanese fluvial sculpin, Cottus pollux), that numerically dominated the fish assemblage in the study area (Natsumeda 2007) . Each compartment within a cage was filled with the same substrate. A preliminary study indicated that a single week was an appropriate time frame to allow for the colonization of aquatic organisms in the study area (Natsumeda, unpublished data) . Three cages with different substrates were lowered to the bottom of each channel unit habitat at 1 m apart. Water temperature was measured at the start of each day and ranged from 21.8 to 26.8°C. After 1 week, each cage was carefully brought to the surface and all collected aquatic organisms from each compartment of a cage were preserved in 10% formalin solution. The collected aquatic organisms were identified under a binocular microscope to the lowest possible taxon, according to Kawai and Tanida (1985) , and the number of specimens and wet weight (measured to the nearest 1 mg) at the family level were recorded for each cage (data for the four compartments in each cage were pooled).
To illustrate the habitat-mediated effects of interstitial spaces between substrates on the colonization of aquatic organisms, taking into account the effect of temporal variation (Mackay 1992) , three-way ANOVA (factor = habitats, substrate, and periods) tests for multiple comparisons of the number of specimens, wet weight, Shannon-Wiener's diversity index (H 0 : Kikkawa and Anderson 1986), taxonomic richness, and evenness (at the family level) were used. The number of specimens and wet weights of individual taxa were also tested using three-way ANOVA (factor = habitats, substrate, and periods), but taxon-specific analyses were limited to the three most abundant taxa; the number of specimens of each taxon accounted for over 10% of the total number of specimens. Before the analysis, data for the number of specimen and wet weight of aquatic insects were transformed on the log 10 scale to approximate normality, and homogeneity of variances was checked.
Results
In total, 405 and 108 aquatic organisms (both from 13 families) were identified in the experiments in the riffle and pool, respectively (Table 1) . Of these, hydropsychid larvae dominated in both the abundance and wet weight in every substrate in the riffle, and chironomid larvae dominated in the abundance in every substrate in both the riffle and pool (Tables 1, 2).
The aquatic organism abundance (individuals/cage) in the experiments was significantly different between habitats and among the three substrates [three-way ANOVA, habitat: riffle = 26.3 ± 15.1 SD, n = 15, pool = 7.3 ± 5.4 SD, n = 15, F 1,18df = 24.07, p \ 0.001; substrate: a single cobble (C) = 9.2 ± 7.2 SD, n = 10, gravel (G) = 16.2 ± 12.2 SD, n = 10, a single cobble on gravel (GC) = 24.9 ± 19.1 SD, n = 10, F 2,18df = 5.01, p = 0.019; and period: early = 15.6 ± 13.3 SD, n = 18, late = 18.5 ± 17.3 SD, n = 12, F 1,18df = 0.35, p = 0.56], with no significant interaction effects (habitat 9 substrate: F 2,18df = 0.55, p = 0.58; habitat 9 period: F 1,18df = 0.28, p = 0.61; substrate 9 period: F 2,18df = 0.82, p = 0.46; and habitat 9 substrate 9 period: F 2,18df = 0.80, p = 0.46; Figs. 1a, 2a, 3a). Post hoc tests indicated significant differences in the abundance of aquatic organisms between the C and GC substrates (Bonferroni test, p = 0.024, Fig. 2a ).
The wet weight of aquatic organisms (g/cage) in the experiments was significantly different between habitats and among the three substrates (three-way ANOVA, habitat: riffle = 0.08 ± 0.06 SD, n = 15, pool = 0.02 ± 0.02 SD, n = 15, F 1,18df = 28.05, p \ 0.001; substrate: C = 0.02 ± 0.02 SD, n = 10, G = 0.04 ± 0.03 SD, n = 10, GC = 0.08 ± 0.07 SD, n = 10, F 2,18df = 4.86, p = 0.021; and period: early = 0.05 ± 0.05 SD, n = 18, late = 0.04 ± 0.06 SD, n = 12, F 1,18df = 0.55, p = 0.47), with no significant interaction effects (habitat 9 substrate: F 2,18df = 2.12, p = 0.15; habitat 9 period: F 1,18df = 2.11, p = 0.16; substrate 9 period: F 2,18df = 0.19, p = 0.82; and habitat 9 substrate 9 period: F 2,18df = 1.09, p = 0.36; Figs. 1b, 2b, 3b ). Post hoc tests indicated significant differences in the wet weight of aquatic organisms between the C and GC substrates (Bonferroni test, p = 0.021, Fig. 2b ).
The diversity index (H 0 ) of aquatic organisms (/cage) in the experiments was significantly different between habitats (three-way ANOVA, riffle = 1.08 ± 0.27 SD, n = 15; and pool = 0.61 ± 0.54 SD, n = 15, F 1,18df-= 14.69, p = 0.001) and between periods (early = 1.02 ± 0.41 SD, n = 18; and late = 0.57 ± 0.48 SD, n = 12, F 1,18df = 11.05, p = 0.004), but H 0 was not significantly different among the three substrates (C = 0.76 ± 0.48 SD, n = 10; G = 0.72 ± 0.55 SD, n = 10; and GC = 1.04 ± 0.38 SD, n = 10, F 2,18 = 2.45, p = 0.11), with no significant interaction effects (habitat 9 substrate: F 2,18df = 0.29, p = 0.75; habitat 9 period: F 1,18df = 3.50, p = 0.08; substrate 9 period: F 2,18df = 0.29, p = 0.75; and habitat 9 substrate 9 period: F 2,18df = 0.24, p = 0.79; Figs. 1c, 2c, 3c) .
The taxonomic richness of aquatic organisms (/cage) in the experiments was significantly different between habitats, among the three substrates, and between periods (three-way ANOVA, habitat: riffle = 4.47 ± 1.89 SD, n = 15; and pool = 2.40 ± 1.40 SD, n = 15, F 1,18df = 15.55, p \ 0.001. Substrate: C = 2.60 ± 1.27 SD, n = 10; G = 3.20 ± 2.15 SD, n = 10; and GC = 4.50 ± 1.96 SD, n = 10, F 2,18df = 4.61, p = 0.024. Periods: early = 4.00 ± 1.94 SD, n = 18; and late = 2.58 ± 1.68 SD, n = 12, F 1,18df = 7.19, p = 0.015), with no significant interaction effects (habitat 9 substrate: F 2,18df = 1.29, p = 0.30; habitat 9 period: F 1,18df = 0.02, p = 0.88, substrate 9 period: F 2,18df = 0.03, p = 0.97; and habitat 9 substrate 9 period: F 2,18df = 0.30, p = 0.75; Figs. 1d, 2d, 3d ). Post hoc tests indicated significant differences in the taxonomic richness of aquatic organisms between the C and GC substrates (Bonferroni test, p = 0.023, Fig. 2d ).
The evenness of aquatic organisms (/cage) in the experiments was significantly different between habitats (two-way ANOVA, riffle = 0.80 ± 0.14 SD, n = 15; and pool = 0.56 ± 0.42 SD, n = 15, F 1,18df = 18.18, p \ 0.001) and between periods (early = 0.79 ± 0.23 SD, n = 18; and late = 0.52 ± 0.40 SD, n = 12, F 1,18df = 14.43, p = 0.001) with a significant interaction effect between habitat and period (F 1,18df = 19.55, p \ 0.001), but evenness was not significantly different among the three substrates (C = 0.73 ± 0.39 SD, n = 10; G = 0.57 ± 0.41 SD, n = 10; and GC = 0.75 ± 0.13 SD, n = 10, F 2,18df = 2.36, p = 0.12. Interaction, habitat 9 substrate: F 2,18df = 6.46, p = 0.008; substrate 9 period: F 2,18df = 1.66, p = 0.22; and habitat 9 substrate 9 period: F 2,18df = 1.49, p = 0.25; Figs. 1e, 2e, 3e ). Simple main effect tests of the period in each habitat indicated a significant effect of period on the evenness in the pool (F 1,18df = 33.79, p \ 0.001).
The three most abundant aquatic organism taxa were Hydropsychidae (41.3%), Chironomidae (38.0%) and Baetidae (10.1%). In hydrophychid larvae, the two main effects (habitat and substrate) had significant effects Table 1 Numerical abundance (n) and percentage of aquatic organisms sampled (0.02 m 2 9 5 replicates) using three types of substrate in a riffle and pool of a temperate stream, Japan
Aquatic organisms Substrate
Riffle Pool Percentages of taxa that shared more than 30.0% in each location are expressed as bold type G gravel, C a single cobble, GC a single cobble on gravel on the larval abundance and wet weight, and there was a significant interaction effect on the larval abundance (habitat 9 period) and wet weight (habitat 9 substrate), respectively (Table 3) . Simple main effect tests of the substrate type in each habitat indicated a significant effect of substrate on the wet weight of hydrophychid larvae in the riffle (F 2,18df = 17.08, p \ 0.001; pool: F 2,18df = 0.03, p = 0.98), and post hoc tests indicated significant differences in larval abundance between the C and GC substrates (Bonferroni test, p = 0.039), as well as significant differences in the larval wet weight for all possible paired comparisons of substrates in the riffle (Bonferroni test, C vs. GC: p \ 0.001; G vs. GC: p = 0.021; and G vs. C: p = 0.035). In chironomid larvae, all three main effects had significant effects on the larval abundance and wet weight, with no significant interaction effects (Table 3 ). Post hoc tests indicated significant differences in the abundance and wet weight of chironomid larvae between the C and GC substrates (Bonferroni test, abundance: p = 0.028; wet weight: p = 0.028). In baetid larvae, only a single main effect (habitat) had a significant effect on the larval abundance, with no significant interaction effects (Table 3 ).
Discussion
The results indicated that riffles had a greater abundance and wet weight of aquatic organisms than did pools (Fig. 1) , in accordance with the results of previous studies in gravel streams (Hynes 1970; Logan and Brooker 1983; Brown and Brussock 1991; Scealy et al. 2007 ). Of the 13 families of aquatic organisms identified in this study, hydropsychid larvae dominated in terms of the abundance and wet weight of aquatic insects in the riffle. Hydropsychid larvae are characterized as suspension (filter) feeders in lotic ecosystems (Cummins and Merritt 1996) and respond rapidly to changes in current velocities, with the proportion of net-spinning larvae Percentages of taxa that shared more than 30.0% in each location are expressed as bold type G gravel, C a single cobble, GC a single cobble on gravel decreasing with decreasing current velocity (Edington 1965; Wallace and Merritt 1980 ). An experimental study using a semi-artificial system also indicated that channels with faster current velocities resulted in a greater colonization of filter feeders (Simuliidae and Hydrophychidae) than channels with slower current velocities (Ciutti et al. 2004) . Riffles with faster current velocities are expected to facilitate the colonization of such filter feeders by offering greater access to suspended particles in running water (Georgian and Thorp 1992; Closs et al. 2004) .
Our results also indicate the significant effect of temporal variation (early and late period) on the diversity index (H 0 ), taxonomic richness, and evenness of aquatic organisms (Fig. 3) ; these measures declined with time over more than 2 months in summer (from July to early September). Biological diversity comprises taxonomic richness and evenness: the number of taxa in a community and how similar taxa are in their abundances, respectively (Maguran 2004) . Evenness may have a strong impact on local and regional ecosystem functioning (Hillebrand et al. 2008) , and meta-analysis suggests that evenness should be explicitly considered given that it may reflect unique aspects of diversity in aquatic ecosystems (Soininen et al. 2012) . The results of simple main effect tests of period in each habitat indicated a significant effect of the period on evenness in the pool, suggesting the possibility of a particular taxon (i.e., Chironomidae) being dominated over time in pools, rather than in riffles. This implies the importance of habitat-specific differences in the evenness of aquatic organisms that reflect the colonization dynamics of dominant taxa over time (McCulloch 1986; Mackay 1992) .
Substrate had significant effects on the abundance, wet weight, and taxonomic richness of aquatic organisms in this study, and post hoc tests indicated significant differences between the C and GC substrates (Fig. 2) . Any substrates immerged in water will soon be colonized by microbes and biofilm and develop biofouling assemblages, which play important roles in organic matter remineralization, nutrient regeneration and element cycling, contaminant concentration, the transference of energy through food webs, and the induction of benthic invertebrate larval settlement (Dang and Lovell 2016). Consequently, biofilm is of ecological relevance for larval aquatic organisms, not only as a food source but also as an important factor to enhance their ability to attach to the substrate in stream habitats (Ditsche et al. 2014) . These findings suggest the importance of interstitial space between substrates (e.g., gravel, a single cobble on gravel) covered by biofilm in allowing colonization by aquatic organisms (Minshall 1984; Ciutti et al. 2004; Duan et al. 2008) ; however, the space underneath a single cobble per se does not provide as many attractive refugia for small aquatic organisms as does gravel (Minshall and Minshall 1977; Mackay 1992) . Empirical studies have indicated that colonization by aquatic organisms may depend on the substrate particle size used; small substrates (10-33 mm in diameter) supported more specimens of aquatic organisms than did larger substrates such as cobbles (53-175 mm in diameter, Wise and Molles 1979; Michael and Culver 1987) . The interstitial spaces of smaller substrates are not habitable by predators and provide refugia for small aquatic organisms; this may result in a lower mortality via predation (Peckarsky 1982; Michael and Culver 1987) .
The substrate had significant effects on larval hydrophychid (abundance and wet weight) filter feeders, and post hoc tests indicated significant differences in the larval abundance and wet weight between the C and GC substrates (Table 3) . Hydropsychid larvae typically reside on the substrate surfaces exposed to the current, but they also build retreats by crawling into interstitial spaces in gravel substrates and cementing the gravel together with their silk, which seems to make them less vulnerable to aquatic predators (Genito and Kerans 1999) . As our study design did not eliminate the risk of predation from predators such as stonefly and insectivorous benthic fish at the study site (e.g., Japanese fluvial sculpin, Natsumeda 2007), it is likely that interstitial spaces between cobble and gravel substrates provided structural refugia for hydropsychid larvae against such predators (Michael and Culver 1987; Haro and Brusven 1994) .
The results of the study principally support the idea that more complex substrates can provide more refugia, and, therefore, can support a greater variety of aquatic organisms than simple substrates (Allan 1975; Minshall 1984; Way et al. 1995) . Moreover, our results also indicated the significant positive effects of interstitial space between streambed materials in riffles on the colonization of aquatic organisms such as net-spinning caddisfly (Hydrophychid) larvae. These larval caddisflies could be expected to increase the stability of benthic substrates against substrate scouring flooding via their filtrating nets binding particles to the streambed (Cardinale et al. 2004; Takao et al. 2006; Nunokawa et al. 2008) . Adding natural cobbles onto gravel streambeds in riffles is expected to enhance the availability of spatial refugia (i.e., interstitial space between substrates) for the colonization of net-spinning caddisflies that act as stream ecosystem engineers (Lancaster 2000; Cardinale et al. 2004 ).
